A person's ability to detect a weak visual target stimulus varies from one viewing to the next. We tested whether the trial-to-trial fluctuations of neural population activity in the human brain are related to the fluctuations of behavioral performance in a "yes-no" visual motion-detection task. We recorded neural population activity with whole head magnetoencephalography (MEG) while subjects searched for a weak coherent motion signal embedded in spatiotemporal noise. We found that, during motion viewing, MEG activity in the 12-to 24-Hz ("beta") frequency range is higher, on average, before correct behavioral choices than before errors and that it predicts correct choices on a trial-by-trial basis. This performance-predictive activity is not evident in the prestimulus baseline and builds up slowly after stimulus onset. Source reconstruction revealed that the performance-predictive activity is expressed in the posterior parietal and dorsolateral prefrontal cortices and, less strongly, in the visual motion-sensitive area MTϩ. The 12-to 24-Hz activity in these key stages of the human dorsal visual pathway is correlated with behavioral choice in both targetpresent and target-absent conditions. Importantly, in the absence of the target, 12-to 24-Hz activity tends to be higher before "no" choices ("correct rejects") than before "yes" choices ("false alarms"). It thus predicts the accuracy, and not the content, of subjects' upcoming perceptual reports. We conclude that beta band activity in the human dorsal visual pathway indexes, and potentially controls, the efficiency of neural computations underlying simple perceptual decisions.
I N T R O D U C T I O N
One of the most general observations in the study of visual perception is that observers' judgments about the presence of a target stimulus near detection threshold fluctuate from one stimulus presentation to the next. To account for these fluctuations, psychophysical models incorporate random variations (i.e., noise) somewhere between the stimulus and the observer's decision (Graham 1989; Green and Swets 1966) . At the neural level, sensory signals have to propagate through several stages of the cortical hierarchy before reaching the motor circuits that ultimately control behavioral responses (Felleman and Van Essen 1991) . A major challenge for systems neuroscience is to identify the stages of the visuomotor pathways, and the specific patterns of neural activity therein, that underlie the (fluctuating) psychophysical performance.
The firing-rate responses of single cortical neurons vary across repeated presentations of the same visual stimulus (e.g., Buracas et al. 1998; Carandini 2004; Heggelund and Albus 1978) . These spike-rate fluctuations predict monkeys' behavioral responses in visual detection and discrimination tasks. This association between firing rates and behavior becomes stronger when proceeding from early visual cortical regions, such as the motion-sensitive area MT, to associative areas in parietal and prefrontal cortex Cook and Maunsell 2002; Kim and Shadlen 1999; Shadlen and Newsome 2001; Thiele et al. 1999; Uka and DeAngelis 2004; Williams et al. 2003) . Responses of single neurons in visual cortical areas like MT are believed to provide a representation of the sensory evidence (Newsome and Parker 1998), which is integrated over time and transformed into an action plan in posterior parietal and prefrontal cortex (Gold and Shadlen 2001) .
At the population level, cortical responses to visual stimuli commonly display a temporal fine structure with a characteristic spectral profile, which is evident both in the intracortical local field potential (e.g., Fries et al. 2001; Gray and Singer 1989; Henrie and Shapley 2005; Siegel and König 2003) and in the scalp electroencephalogram or magnetoencephalogram (EEG or MEG, respectively) (Siegel et al. 2007; Tallon-Baudry and Bertrand 1999) . Similar to the average firing rates of single neurons, such population responses exhibit strong trial-to-trial fluctuations (Arieli et al. 1996; Buracas et al. 1998) . At present, little is known about the trial-to-trial covariation between cortical population responses and behavioral responses to visual stimuli near detection threshold. Cortical population activity has been measured indirectly in humans with functional magnetic resonance imaging (fMRI) during a variety of visual detection tasks. These studies consistently reported larger fMRI responses in parietal and prefrontal cortex when targets are detected than when they are missed (Beck et al. 2001; Kranczioch et al. 2005; Marois et al. 2004) . Specifically, during motion detection, such a pattern of fMRI responses has been observed in the human motion-sensitive V5/MTϩ complex (the putative homologue of macaque MT) as well as in parietal cortex (Shulman et al. 2001 ). However, the fMRI signal provides only limited information about the time course and temporal fine structure of neural activity. Electrophysiological studies are necessary to determine the exact trial interval and the frequency range, in which detection-related modulation of cortical population responses occurs.
Most importantly, it is currently not clear which aspect of visual detection decisions is reflected by neural mass activity in the primate parietal and prefrontal cortices: perceptual deci-sions can be classified according to their content and their accuracy (Green and Swets 1966) . Specifically, perceptual decisions in a simple "yes-no" detection task can be classified according to whether the subject reports "yes, the target is present" or "no, it is not," and whether this report is correct. Both classification schemes overlap for target-present trials. Target-absent trials, however, dissociate these two schemes and can therefore be used to pinpoint the role of a neural activity parameter in the perceptual decision process: If a neural signal reflects the choice content, its magnitude should be larger before "yes" than before "no" reports, irrespective of whether the target is physically present. In other words, one should observe: "hits" Ͼ "misses" for target-present and "false alarms" Ͼ "correct rejects" for target-absent conditions. Such a pattern of neural population activity has been observed in several visual cortical areas in fMRI studies of contrast and face detection (McKeeff and Tong 2007; Ress and Heeger 2003; Summerfield et al. 2006) . Alternatively, if a neural signal reflects the accuracy of choices, the rank order of activity before "yes" and "no" choices should be opposite in targetpresent and target-absent conditions. That is, one should then observe: hits Ͼ misses and correct rejects Ͼ false alarms.
The goal of the present study was to test whether the trial-to-trial fluctuations of frequency specific neural population responses to visual motion in the human "dorsal pathway" (Haxby and Ungerleider 1994) are related to behavioral-detection performance. Specifically, we aimed at determining whether such activity in three key stages of this pathway (MTϩ, parietal, and prefrontal cortex) predicts the content or the accuracy of decisions about the presence of motion. We recorded neural population activity with MEG while subjects performed a "yes-no" motion-detection task near psychophysical threshold (Fig. 1) . We quantified the link between MEG activity and behavior across a wide range of frequencies (4 -100 Hz). We found that the sustained MEG activity in the 12-to 24-Hz ("beta") range during motion viewing, but not before stimulus onset, predicts correct behavioral responses on single trials. This performance-predictive MEG activity builds up slowly during motion viewing and is expressed in prefrontal and posterior parietal cortices and, less robustly, in area MTϩ. Importantly, in the absence of the target, 12-to 24-Hz activity in all three areas is larger before correct rejects than before false alarms. Thus this activity predicts the accuracy, but not the content, of visual detection decisions.
M E T H O D S

Subjects
Four healthy subjects (all male; age range: 23-30 yr) participated in the study, conducted in accordance with the Declaration of Helsinki. Two of the subjects (MS and THD) are authors. The other two were naive to the purpose of the experiment and were paid for their participation. All subjects were in good health with no history of psychiatric or neurological illness. They had normal or corrected-tonormal vision.
Psychophysics
STIMULI. We used dynamic random dot patterns to stimulate the cortical visual motion system. The stimuli were constructed off-line in MATLAB (The MathWorks, Natick, MA) according to a standard procedure (e.g., Rees et al. 2000) . Stimulus presentation was controlled by a personal computer running the Presentation Software (NeuroBehavioral Systems, Albany, CA). Stimuli were projected from a calibrated liquid crystal display (LCD) projector (situated outside the magnetically shielded room) onto a back-projection screen through a tube by a mirror system. The refresh rate of the projector was 60 Hz. The screen was mounted in front of the subject's head. Each frame of the animation consisted of an array of white dots randomly positioned on a black background. Each dot was displaced from frame to frame. Random dot patterns were either target patterns or noise patterns. Noise patterns consisted of dots that were randomly displaced from frame to frame. Target patterns contained a small fraction of dots that were coherently displaced in a common direction, with fixed spatial offset. All other dots were displaced to randomly selected positions. The coherently moving dots were randomly selected afresh on each new frame, that is, their "lifetime" was limited. The level of motion coherence (i.e., the fraction of coherently moving dots) was chosen individually for each subject to correspond to the subject's detection threshold (see following text). The patterns were confined to a circular aperture and centered on a red fixation cross. The diameter of each of the dots on the projection screen was approximately 0.2 deg. Their density and speed were approximately 1.7 deg Ϫ2 and approximately 11.5 deg/s, respectively. The aperture diameter was about 43 deg. TASK AND PROCEDURE. Subjects performed a "yes-no" motion coherence detection task. The target occurred on 50% of the trials. Each trial began with the onset of the central fixation crosshair and consisted of three consecutive intervals ( Fig. 1) : 1) a prestimulus baseline of variable duration (uniformly distributed between 1,000 and 1,500 ms), 2) the motion viewing interval (2 s), and 3) a variable delay (uniformly distributed between 500 and 1,000 ms), after which the fixation cross was turned off. Subjects were instructed to fixate the crosshair throughout the trial, to monitor the whole stimulus pattern, Illustrations of the intervals and the time course of stimuli within a trial are shown in A and B, respectively. Trials began with the onset of a red fixation cross. After a baseline period of 1-1.5 s, a dynamic random-dot pattern was presented in the visual field center for 2 s. On each trial, either a weak target pattern (4.5-10.5% motion coherence, adjusted to the individual detection threshold) or a noise pattern (0% motion coherence) was presented. A target occurred on half of the trials. Subjects had to decide whether the target was present. After a variable delay (0.5-1 s), the fixation cross was extinguished, which prompted subjects to indicate their decision ("yes" or "no") by pressing one of two buttons (right or left hand).
to form a decision about the presence of the target during motion viewing, and to report this decision by pressing one of two response buttons ("yes, target is present" or "no, it is not") with their left or right index finger after the fixation cross offset. Auditory feedback (a beep) was provided after each incorrect response by plastic tubes and earpieces. The subsequent inter-trial interval spanned 900 ms. Subjects were allowed to make eye movements or blinks during the inter-trial interval. The mapping between perceptual decision ("yes"/ "no") and response hand (left/right) was counterbalanced across subjects. The delay between stimulus offset and motor response was introduced to dissociate neural activity related to stimulus processing from neural activity related to the execution of the motor response. The stimulus duration of 2 s was chosen in conformity with previous single-unit studies of motion discrimination in monkeys Kim and Shadlen 1999; Shadlen and Newsome 2001) . Each run consisted of 400 trials and lasted about 50 min.
If present, the target moved either upward or downward. Target absence/presence was randomly selected on each trial, under the constraint that each would occur equally often within a run. On target-present trials, upward/downward was randomly selected, again under the constraint that each direction would occur equally often within a run. Apart from this variation, all stimulus patterns in the MEG recording sessions were exact repeats. This fact was unknown to the naive subjects and informal debriefing verified that it remained unnoticed throughout the series of experimental sessions. Importantly, this procedure enabled us to investigate stimulus-independent trial-totrial covariations between MEG activity and subjects' detection performance. After blocks of 50 trials, subjects were allowed to pause, without moving their heads. They initiated the start of each new trial block by a button press. Each recording session consisted of between one and three runs (ϳ50 min each), with two runs in the vast majority of sessions. Subjects 1 and 2 each completed 15 runs (6,000 trials). Subjects 3 and 4 each completed eight runs (3,200 trials) .
Before the MEG recordings, motion coherence thresholds were individually determined in a two-alternative forced-choice paradigm (upward/downward discrimination) using the method of constant stimuli (Green and Swets 1966) . After at least six sessions of around 45 min each, coherence levels yielding roughly 71% correct responses were estimated from a Weibull function fit to the psychometric data. Subjects then performed two sessions of around 30 min with the yes-no detection task at the obtained threshold level of coherence. In these psychophysical sessions, we presented ten different, randomly intermixed variants of each, target and noise stimuli. If performance changed by Ͼ5% correct from one session to the next, the coherence level was changed accordingly and a further session was conducted. This procedure yielded stable average performance during the subsequent MEG experiments. The resulting coherence levels, used throughout the MEG recordings, were as follows: 4.5% (subject 1), 5.5% (subjects 2 and 4), and 10.5% (subject 3).
MEG data acquisition
We recorded the MEG (Hamalainen et al. 1993 ) continuously using a 151-channel whole head system (Omega 2000; CTF Systems, Port Coquitlam, Canada). Subjects were seated in a chair positioned in a magnetically shielded room. The electrooculogram was recorded simultaneously for off-line artifact rejection. MEG signals were lowpass filtered on-line (cutoff: 300 Hz) and recorded with a sampling rate of 1,200 Hz. The head position relative to the MEG sensors was measured before and after each run using small electromagnetic coils positioned at the subject's nasion and at the right and left ear canals. The source analysis and visualization (see following text) required the coregistration of the MEG data with anatomical MRIs of the same subject. Therefore we acquired high-resolution (1 mm 3 ) structural MRIs on a 1.5-T whole body Magnetom Sonata MRI system (Siemens Medical Systems, Erlangen, Germany) from each subject with a T1-weighted sagittal MP-Rage (magnetization-prepared rapid gradient-echo) sequence.
Data analysis
We used the CTF data analysis software package to construct head models from the structural MRIs. We used the BrainVoyager QX software package (Brain Innovation, Maastricht, The Netherlands) to reconstruct the cortical surfaces, to define regions of interest based on anatomical criteria, and to visualize the MEG source reconstructions. All other data analyses were performed in MATLAB using the open source toolbox "FieldTrip" (http://www.ru.nl/fcdonders/fieldtrip) and additional custom-made software.
PREPROCESSING. Only runs with a head displacement Ͻ6 mm (Euclidean distance in 3D space) across the entire recording interval were included in the analysis. Two of 48 runs in total did not meet this criterion. One additional run had to be discarded because of a defect of the LCD projector. We categorized trials according to whether the target was present or absent and whether the subject chose "yes" or "no," yielding the four categories of signal-detection theory (Green and Swets 1966): hits and misses (target present) and false alarms and correct rejects (target absent). We first extracted trials from the MEG time series separately for the four categories and subsequently recombined them in a subset of the analyses (see following text). Trials extended from 500 ms before the onset of the dynamic random-dot patterns to 500 ms after their offset. Artifact rejection for these epochs was performed off-line. Trials containing eye blinks, saccades, muscle artifacts, and signal jumps were rejected from further analysis using semiautomatic procedures. We discarded one "bad" MEG sensor overlying right temporal cortex ("MRT16") from all analyses. Line noise was removed by subtracting the 50-, 100-, 150-, and 200-Hz Fourier components of the individual epochs padded with adjacent data from the continuous recording to 5-s length. Preprocessed data were low-pass filtered at 300 Hz and resampled at 600 Hz. For the analysis of time-averaged responses during baseline and motion viewing, subepochs were further extracted from the trials (see following text). SPECTRAL ANALYSIS. We used the "multitaper" method for all spectral analyses subsequently described (Mitra and Pesaran 1999) . This method provides a trade-off between minimizing bias and variance of spectral estimators on the one hand and maximizing spectral resolution on the other hand. To quantify the strength of stimulus responses at a given center frequency, ⌬R( f ), estimators of power spectral density at that frequency, P( f ), were converted into units of percentage change from baseline, according to
where P b denotes the average power spectral density in the prestimulus period (starting 500 ms before stimulus onset). Unless stated otherwise, this quantity was used as the measure of the MEG response in the analyses reported herein. All sensor-level analyses subsequently described focused on a fixed group of 20 posterior MEG sensors (Fig. 2) . These sensors displayed robust stimulus responses and covered motion-sensitive areas in dorsal visual and posterior parietal cortex (Siegel et al. 2007 ). To generate time-frequency representations of the MEG responses, ⌬R( f, t), a "multitaper" sliding window Fourier transform (400-ms window, 8-Hz spectral smoothing, 50-ms window step size) was applied to the individual trials of all categories. The results were magnitude-squared and then averaged across tapers and trials, yielding a time-frequency representation of power for each of the 150 sensors. The resulting spectrograms were collapsed across the 20 sensors of interest and converted to ⌬R( f, t) according to Eq. 1. To obtain time-frequency representations of the phase-locked responses only, the sliding window Fourier transform was applied after averaging across trials in the time domain.
We determined single-trial estimates of band-limited MEG activity in the following six frequency ranges: 4 -8 Hz ("theta"), 8 -12 Hz ("alpha"), 12-24 Hz ("beta"), 24 -36 Hz ("high beta"), 36 -56 Hz ("low gamma"), and 64 -100 Hz ("high gamma"). Thus our analyses covered the entire frequency range from 4 to 100 Hz, with the exception of the range 60 Ϯ 4 Hz, containing the phase-locked response to the LCD projector refresh (see RESULTS). The spectral estimates were computed for 1) the prestimulus baseline interval (Ϫ0.5 s, stimulus onset) and 2) the steady-state stimulus response after the initial onset transient (extending from 0.25 to 2 s after stimulus onset). The single-trial stimulus responses were then converted into units of percentage modulation according to Eq. 1, using the average baseline for each condition (see following text). To create time courses of MEG responses, we shifted a 500-ms window (step size: 50 ms) across the trial (0.5 s before stimulus onset to 2.5 s after stimulus offset) and computed spectral estimates for each time bin. We estimated the SE of all mean stimulus responses with a jackknife procedure (Efron and Tibshirani 1998) .
IDENTIFICATION OF PERFORMANCE-RELATED MEG ACTIVITY. To analyze performance-related modulations of MEG activity we sorted the single-trial responses within each band according to the correctness of subjects' subsequent behavioral choice. To this end, we recombined single-trial responses across hits and correct rejects (correct) and across misses and false alarms (incorrect). We estimated the spectral MEG power during stimulus and baseline intervals separately for the correct and error conditions. Cortical population activity fluctuates strongly in the absence of sensory input (Arieli et al. 1996; Leopold et al. 2003) . Such fluctuations of spontaneous activity may have a strong effect on the accuracy of subsequent stimulus processing (Linkenkaer-Hansen et al. 2004; Ress et al. 2000; Sapir et al. 2005) . To minimize the contribution of potentially performancerelated baseline fluctuations to our estimates of the stimulus-induced MEG activity, we normalized each single-trial response with the condition-wise (correct/error) average baseline power spectral density using Eq. 1. We could then analyze the difference in MEG activity between correct and incorrect behavioral choices independently for the "raw" band-limited MEG power spectral density during the baseline interval and the baseline-corrected stimulus-induced response. Comparing the raw MEG activity during stimulation between both behavioral conditions yielded qualitatively identical results.
We tested the association between MEG responses and subjects' behavior using a receiver operating characteristic (ROC) analysis (Green and Swets 1966). This analysis quantifies the overlap of single-trial MEG activity distributions for subjects' behavioral choices. The resulting index ranges between 0 and 1. An index of 0.5 implies that there is no discernible correlation between neural activity and behavioral response, whereas indices of 1 or 0 describe perfect correlations or anticorrelations, respectively. The index quantifies the accuracy with which an ideal observer can predict some binary aspect of the behavioral response (in this case: correct/error) from the neural activity during that trial. If prediction accuracy is at chance, the index is 0.5. Significant deviations from 0.5 in both directions imply that the behavioral performance is predictable from the neural activity parameter under study. We used a nonparametric permutation test (Efron and Tibshirani 1998) with 10 4 permutations to test each index for significant deviation from 0.5.
SOURCE RECONSTRUCTION: GENERAL PRINCIPLES.
We used an adaptive spatial-filtering technique termed linear "beam forming" (Gross et al. 2001; Van Veen et al. 1997 ) for all source analyses subsequently described. That is, we applied frequency-and locationspecific filters to the MEG data to estimate the local power spectral density in source space. More specifically, for each point of interest r in source space, we computed a frequency-specific filtering matrix A(r, f ) that passes band-limited activity from r with unit gain, while maximally suppressing the activity from all other sources. These constraints yield
where the columns of L(r) contain the solution of the forward problem for two orthogonal tangential dipoles at location r, and C denotes the complex cross-spectral-density matrix of the recorded MEG in the frequency range of interest (Gross et al. 2001) . That is, the filter depends on the lead field (i.e., the mapping from source space to sensor space) and on the cross-spectral-density matrix of the recorded data. We estimated the cross-spectral-density matrix separately for the baseline (500 ms before stimulus onset) and motion viewing (250 ms to 2 s after stimulus onset) intervals, using the multitaper method.
To compute the lead field for each individual sensor, we modeled the head as a set of multiple overlapping spheres, one per each sensor (Huang et al. 1999 ). This was based on the segmentation of the scalp in the structural MRI data set. We then computed the estimate of power spectral density P(r, f ) according to
where 1 denotes the largest singular value of the cross-spectrum estimates of the two dipoles (with fixed orientations). Thus 1 is the power of a dipole pointing into the dominant direction at location r. 
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FIG. 2. Magnetoencephalographic (MEG) responses to moving random dot patterns are sustained throughout the stimulus interval. Bottom left: 20 posterior sensors contributing to the responses shown on the right are marked in red on a 2-dimensional (2D) projection of the sensor array superimposed on a schematic of the head. Time-frequency representations of the MEG response to randomdot patterns (average across all trials) are shown for two representative subjects. Response is expressed as percentage modulation, ⌬R (power change relative to the prestimulus baseline). Left column: total response, containing phase-locked and nonphase-locked components. Right column: phase-locked response component only. This was isolated by averaging across trials in the time domain before transforming the data to the frequency domain.
We computed the estimate of local power spectral density P(r, f ) separately for the prestimulus baseline and the steady-state response interval and then converted the source-level stimulus responses into units of percentage modulation using Eq. 1.
VOXELWISE ANALYSIS.
To analyze the cortical distribution of the performance-related effect, we performed a voxelwise beam forming analysis to compute statistical parametric maps for the difference of sustained 12-to 24-Hz MEG activity between correct and incorrect choices. We divided the source space into a regular grid of 7.5 ϫ 7.5 ϫ 7.5-mm resolution covering the entire cerebral cortex. We computed the spatial distribution of MEG responses in the 12-to 24-Hz range for each run and behavioral condition (correct/error). We used a jackknifing procedure (Efron and Tibshirani 1998) to estimate the voxelwise means and SEs of these MEG response maps: We reconstructed n MEG response maps (where n is the number of trials for each condition), each map by leaving out one different trial in turn. We could then use the resulting ensemble of MEG response maps to compute the mean response and its SE at each location r for both behavioral conditions. These maps of response means and SEs were converted into t-maps testing the voxelwise difference between both conditions. These t-maps were converted into z-maps, linearly interpolated to a regular grid of 1-mm 3 resolution, pooled across runs, transformed to stereotactic standard space in BrainVoyager, and finally pooled across subjects. The spatial distribution of power spectral density depends on the cross-spectral-density matrix of the sensor data, which, in turn, contains at most 150 2 ϭ 22,500 independent real-valued numbers. Therefore we corrected all statistical maps with a factor of 22,500 for multiple comparisons (Bonferroni). Individual maps were thresholded at P ϭ 0.05 (corrected). The group-average map was thresholded at P ϭ 10 Ϫ3 (corrected).
REGION-OF-INTEREST ANALYSIS. We conducted a region-of-interest beam forming analysis of single-trial MEG responses to quantify the association between psychophysical performance and 12-to 24-Hz activity in three key stages of the dorsal visual pathway (Haxby and Ungerleider 1994): area MTϩ, the posterior intraparietal sulcus (pIPS), and the dorsolateral prefrontal cortex (dlPFC). We defined these regions of interest on each subject's structural MRI, based on a combination of anatomical and functional criteria independent of the data analyzed in the present study. MTϩ was located in the junction of the ascending limb of the inferior temporal sulcus with its posterior continuation (Dumoulin et al. 2000) . fMRI data from standard localizer protocols (e.g., Huk et al. 2002) were available for three of the four subjects. The functional definitions of MTϩ obtained from these data sets were in close correspondence with the anatomical criteria. For pIPS, we identified the sharp transition from the deeper, but less truncated, posterior segment to the shallower, but more truncated, anterior segment of the human IPS (Donner et al. 2000) . This transition was clearly discernible in all subjects. The pIPS location was placed in the middle of the posterior segment of the sulcus. The dlPFC location was placed at the anterior end of the posterior third of the medial frontal gyrus.
We estimated the single-trial MEG responses of each region of interest. We then analyzed their link to behavior in a number of different schemes. In the first scheme, we collapsed the region of interest responses across hemispheres. We sorted (in increasing order) the trials according to the magnitude of these pooled responses. We grouped the data into bins of equal number of trials, based on the MEG response. Each trial was further labeled according to its signal detection category (i.e., correct reject, false alarm, miss, or hit). We could thus compute the average MEG response and dЈ for each bin, where dЈ is a bias-free measure of detection performance derived from the proportions of hits and false alarms (Green and Swets 1966) . We could then test the linear regression between the region's MEG response and detection performance. To control for the effect of bin size, we repeated the analysis with several different bin sizes, from 50 to 400 trials per bin, in steps of 10. We evaluated the resulting linear fit at the 2.5th and the 97.5th percentiles of the measured MEG responses. We used the difference between the two resulting dЈ values as a measure for the amount of performance fluctuations explained by the MEG responses. That is, performance changes were expressed in terms of ⌬dЈ (i.e., in SD units). In addition, we converted both dЈ values into units of percentage correct, according to
where F denotes the normal cumulative distribution function. P max -(correct) equals the maximal percentage of correct responses, achievable in the absence of bias, given the measured sensitivity of the observer (Green and Swets 1966) . The difference between the upper and lower values, ⌬P max (correct), is a complementary measure of performance changes explained by the MEG responses. We were also interested in whether the stimulus-induced response was correlated with the strength of the performance-related modulation in the regions of interest. To analyze this correlation, we sorted log-transformed single-trial responses in ascending order and grouped them into bins of 50 trials. Each bin contained a number of correct and error trials. We calculated two variables for each bin: the mean overall response and the difference between the mean response on correct and error trials (i.e., the behavioral modulation of the response). We then tested the linear regression between the two variables, again varying the bin size across several steps.
In a final scheme, we again used ROC analysis (Green and Swets 1966), now at the cortical source level. In each region of interest, we compared the band-limited MEG response distributions corresponding to subjects' "yes" and "no" choices, separately for both stimulus conditions (i.e., target present and target absent). The predictive indices in this analysis describe the link between neural activity and subjects' "yes" and "no" choices, rather than the correctness of response. We therefore labeled them "choice probabilities" (CPs), in conformity with previous single-unit studies (e.g., Kim and Shadlen 1999; Shadlen and Newsome 2001; Uka and DeAngelis 2004; Williams et al. 2003 ), Again, we tested the ROC indices for significant deviation from 0.5 with a permutation test (10 4 permutations).
CONTROL ANALYSIS.
Simulation studies suggest that highly correlated sources (between 0.95 and 1) may be mislocalized by the beam-forming technique (Van Veen et al. 1997 ). These errors are twofold: closely spaced (ϳ3 mm) sources tend to merge, whereas distant sources (ϳ12 mm) cancel each other out. Correlations of Ͻ0.5 are tolerable (Gross et al. 2001; Van Veen et al. 1997 ). Cortical coherence is commonly Ͻ0.5 in all frequency bands for distances Ͼ5 mm (Leopold et al. 2003) . This is an order of magnitude below the spatial scale relevant to the anatomical hypotheses addressed in the present study. We are therefore confident that source correlations do not affect our conclusions regarding response differences between cortical regions several centimeters apart from each other. Furthermore, our previous beam forming analyses of the cortical distribution of MEG responses to gratings and random-dot patterns yielded plausible results (e.g., Hoogenboom et al. 2005; Siegel et al. 2007) . We aimed to establish this also for the present data set. High gamma band activity in primate early visual cortex (V1/V2) is strongly modulated by high-contrast stimuli (Henrie and Shapley 2005; Hoogenboom et al. 2005; Siegel et al. 2007) . We therefore reconstructed the cortical distribution of the high gamma band (64 -100 Hz) response to the random-dot patterns (averaged across all conditions). We then tested the voxelwise difference of the mean response from zero (using jackknife SEs) and generated statistical z-maps for this difference, as described earlier for the analysis of performance-related activity. In all four subjects, the global maximum of the response was localized in close vicinity to the calcarine sulcus, that is, in early visual cortex (Supplemental Fig. 1) . 1 This finding lends support to the source reconstructions of the more subtle performance-related effect described in RESULTS.
R E S U L T S
Each trial began with the presentation of a fixation cross for a variable baseline interval followed by the presentation of a dynamic random-dot pattern (Fig. 1) . On one half of the trials, a target pattern was presented that contained a small proportion of dots moving coherently in one direction. On the other half of the trials, a noise pattern was presented that contained no coherent motion. Subjects formed a decision about the presence or absence of the target. The strength (coherence) of the target motion was adjusted individually such that each subject performed at roughly 71% correct (dЈ ϳ 1.1). We collected MEG data during several thousands (3,600 -6,000) trials per subject.
MEG responses to dynamic random-dot patterns
We first characterized the time course and spectral signature of MEG responses to the moving random-dot patterns at the level of MEG sensors, averaging responses across a fixed set of 20 posterior sensors consistently displaying a strong stimulus response (Fig. 2) . In particular, the dynamic random dot patterns induced a steady-state response that followed a transient response, began at about 250 ms after stimulus onset, and was sustained as long as the stimulus remained on the screen. This steady-state response had a characteristic spectral profile: MEG power decreased at frequencies ranging from about 4 to 50 Hz and increased at frequencies between about 60 and 150 Hz. This closely resembles the visual MEG response obtained in previous studies for higher levels of motion strength (Siegel et al. 2007 ) and high-contrast moving gratings (Hoogenboom et al. 2005) . The narrow-band power increase around 60 Hz reflects an entrainment to the refresh rate of the LCD projector (Williams et al. 2004 ). This was confirmed by its persistence in the phase-locked ("evoked") response component shown in the right column of Fig. 2 . At all other frequencies, the strong steady-state response evident in the left column was absent in the phase-locked response component in the right column. Thus apart from 60 Hz, the steady-state response reflects non-phase-locked ("induced") perturbations of ongoing cortical population activity (Pfurtscheller and Lopes da Silva 1999; Tallon-Baudry and Bertrand 1999) . The low-and high-frequency components of the steady-state response both fluctuated strongly from trial to trial, as evident in exemplary trial sequences shown in Fig. 3A . In all four subjects, the variability of both response components (measured by the interquartile range) was of a magnitude similar to that of the median response (Fig. 3B) .
Covariation of MEG activity and behavioral detection performance
We proceeded by testing whether, and if so, in which frequency range these response fluctuations predicted subjects' psychophysical performance. We estimated the single-trial responses of the same sensor group in six frequency bands covering the range of the steady-state response and sorted these according to the correctness of subjects' subsequent choices (Fig. 4, left column) . To minimize the contribution of potential performance-related prestimulus activity, we normalized the stimulus responses for correct and incorrect trials with the condition-wise (correct/error) baseline. MEG activity in the 12-to 24-Hz (low beta) range was larger before correct than 1 The online version of this article contains supplemental data. before incorrect choices in all four subjects. More specifically, there was consistently less stimulus-induced suppression of MEG activity in the 12-to 24-Hz range before correct than before incorrect choices. The same was true for the 36-to 56-Hz (low gamma) range in two of the subjects. Note that the performance-related enhancement of MEG activity was con-fined to a relatively narrow frequency range in all subjects, whereas the suppression by the visual stimulus consistently spanned the entire range from about 4 to 50 Hz.
We used ROC analysis (see METHODS) to compute a predictive index that quantifies the association between MEG activity and behavior (Fig. 4, right column) . A predictive index significantly different from 0.5 (chance level) indicates that the behavior can be predicted from the MEG responses on single trials. Specifically, an index Ͼ0.5 indicates that MEG responses tend to be larger before correct than before incorrect behavioral choices. For the 12-to 24-Hz range, prediction accuracy was above chance level in all four individuals (0.55, 0.54, 0.53, and 0.54). The average index (ϮSD) across subjects was 0.54 Ϯ 0.007. The deviation from chance level was (highly) significant in three subjects and showed a trend toward significance in the fourth. For the 36-to 56-Hz range, prediction accuracy was significantly above chance in two subjects and averaged to 0.52 Ϯ 0.035 across subjects. All other frequency ranges did not display a consistent relationship with behavior. In sum, the 12-to 24-Hz frequency range had the maximum average predictive power for correct behavioral reports (i.e., maximum average ROC index) and the maximum number of significant individual ROC indices. We therefore focused on this frequency range in our subsequent analyses.
The previous analysis did not reveal when during the trial the predictive activity evolved. Cortical activity fluctuates strongly in the absence of sensory stimulation (Arieli et al. 1996; Leopold et al. 2003) . Such fluctuations of spontaneous cortical activity may be tightly correlated with the accuracy of subsequent stimulus processing (Linkenkaer-Hansen et al. 2004; Ress et al. 2000; Sapir et al. 2005) . We wondered whether such a performance-related modulation of prestimulus MEG activity was evident in the present data. We compared the raw band-limited MEG power of the same sensor group as in the previous analysis during the 500 ms preceding stimulus onset between correct and error conditions. Surprisingly, significant prediction of correct choices was not possible based on the prestimulus MEG activity in any of these six frequency bands in any subject. The average ROC indices (ϮSD) for each band were as follows: 4 -8 Hz: 0.50 Ϯ 0.003; 8 -12 Hz: 0.50 Ϯ 0.007; 12-24 Hz: 0.50 Ϯ 0.007; 24 -36 Hz: 0.50 Ϯ 0.006; 36 -56 Hz: 0.51 Ϯ 0.004; 64 -100 Hz: 0.50 Ϯ 0.012. Specifically, the individual ROC indices (P-values) in the 12-to 24-Hz ranged from 0.48 to 0.51 (0.11 to 0.76, uncorrected). Note that the lengths of the analysis windows differed for the baseline and stimulus intervals (500 vs. 1,750 ms), which prohibits direct quantitative comparisons between the corresponding ROC indices. Furthermore, the analysis of the baseline interval was based on raw MEG power, whereas the analysis of the stimulus interval was based on normalized responses. Nevertheless, the present result suggests that the effect of prestimulus activity on behavioral outcome was negligible. In addition, the lack of a baseline effect suggests that the performance-predictive activity observed during motion viewing is independent of the response normalization procedure.
We next analyzed the time course of 12-to 24-Hz activity in more detail by sliding a 500-ms window across the entire trial. Figure 5A shows the time courses for the raw MEG power, allowing for a direct comparison between baseline and stimulus intervals. Figure 5B shows the relative MEG responses, after normalization with the condition-wise baseline, allowing for a direct comparison with the previous analysis of the steady-state stimulus response interval. The time courses in Fig. 5, A and B are qualitatively identical, again suggesting that the performance-predictive effect is independent of the response normalization procedure. The raw MEG power was virtually identical before stimulus onset on correct and error conditions (Fig. 5A, left) , reflecting the absence of performance-related baseline activity reported earlier. During motion viewing, 12-to 24-Hz responses on correct and error conditions began to diverge immediately after the initial negative transient and remained separated until stimulus offset (Fig. 5,  left) . In addition, the time courses of the response difference and the ROC index revealed a continuous increase throughout motion viewing until reaching a (highly significant) maximum shortly before stimulus offset (Fig. 5, middle and right) . Thus the predictive activity built up slowly after stimulus onset, implying that 12-to 24-Hz activity during motion viewing is more strongly correlated with behavioral outcome later than earlier in the time. This buildup suggests that the process underlying the correlation either operates on a relatively fast (subsecond) timescale, or that it involves leaky temporal integration of sensory evidence (Cook and Maunsell 2002; Gold and Shadlen 2001) , or both. It is important to emphasize that the performance-related MEG activity is specifically linked to the stimulus interval. This is in sharp contrast to the slow (multi-minute to minute) correlation between the ongoing EEG power and auditory detection performance observed in previous studies (e.g., Makeig and Inlow 1993) . Furthermore, the sustained difference between correct and error conditions throughout the interval of the steady-state response supports our earlier choice of the analysis window (0.25-2 s after stimulus onset). We used the same window for all subsequent analyses at the source level.
Cortical distribution of performance-predictive 12-to 24-Hz activity
To characterize the cortical distribution of performance-predictive MEG activity we used spatial filtering to project the stimulusinduced steady-state activity in the 12-to 24-Hz range from the sensor space to the source space (see METHODS). We computed statistical maps for the differential activity before correct and incorrect behavioral responses. Local maxima of these maps were bilaterally located in the posterior parietal and dorsolateral prefrontal cortex both in the group average ( Fig. 6 ) and in the majority of individual subjects (Table 1 ). In particular, the performance-related effect was expressed in and around the right posterior intraparietal sulcus in all four subjects. The effect was also expressed in the left hemisphere in this parietal region in two subjects. Local maxima were present bilaterally in the dorsolateral prefrontal cortex in all four subjects. However, their locations varied more strongly with respect to anatomical landmarks (the medial frontal gyrus and superior frontal sulcus) and the Talairach coordinate system, presumably reflecting larger intersubject variability in this cortical region. Further performance-predictive effects in the 12-to 24-Hz range were located in several regions involved in attention and detection (Corbetta and Shulman 2002) and in visual motion processing (Braddick et al. 2000; Rees et al. 2000) : the temporoparietal junction (in the posterior part of superior temporal gyrus), the left inferior temporal and the fusiform gyrus, and an occipitotemporal region corresponding to the anatomical landmarks of MTϩ: the junction of the inferior temporal sulcus and its posterior continuation (Dumoulin et al. 2000; Huk et al. 2002) . In sum, performance-related 12-to 24-Hz activity was widely distributed across motion-sensitive visual cortical areas, but it clearly predominated in two asso- Fig. 2 . Note the similarity between corresponding time courses in A and B, suggesting that the response normalization did not affect the results. ciation areas implicated in visual attention and detection processes (Corbetta and Shulman 2002) : posterior intraparietal sulcus and the dorsolateral prefrontal cortex.
We next quantified the link between the MEG activity in these two regions and detection performance in more detail. We defined locations of interest within both regions based on anatomical criteria (METHODS) and labeled these pIPS and dlPFC. We estimated their single-trial MEG responses and collapsed them across the left and right hemispheres. We sorted the trials according to the magnitude of the response in both regions of interest and binned the trials, based on the response amplitude. We then computed, for each bin, a mean MEG response and behavioral performance, expressed in dЈ (i.e., in SD units). The linear regression between MEG activity in the 12-to 24-Hz range and dЈ showed highly significant positive slopes in each subject in both regions of interest (Fig. 7) . We varied the bin size from 50 to 400 in steps of 10 and found that the effect was significant for all bin sizes. The average across subjects was also highly significant for both regions, again irrespective of the bin size. We then used these linear fits to gain a quantitative description of the association between the fluctuations of frontoparietal activity and behavioral performance. For both regions, increases of 12-to 24-Hz activity from the 2.5th to the 97.5th percentile of the single-trial responses explained, on average, increases of performance by roughly 17% percentage correct (dЈ ϭ 1.1). The sensor-level analysis also revealed performance-predictive activity in the 36-to 56-Hz range, and thus we also repeated the analysis for this frequency range. The results in dlPFC were inconsistent and insignificant on average. However, the correlation between 36-and 56-Hz activity and dЈ was significant in the grand average and in two individuals in pIPS ( Supplemental Fig.  2) . To sum up, 12-to 24-Hz MEG activity in pIPS and dlPFC accounted for a substantial amount of the fluctuations of subjects' detection performance near threshold. X, Y, and Z are average Talairach coordinates (ϮSD) of local maxima of individual z-maps for the comparison of sustained 12-to 24-Hz responses (0.25-2 s after stimulus onset) before correct versus incorrect judgments; n is the number of subjects with the respective local maximum. Only regions significant at P Ͻ 0.05 (corrected) in at least two subjects are listed. Abbreviations: MFG, medial frontal gyrus; PreCeS, precentral gyrus; CeS, central gyrus; IPS, intraparietal sulcus; STG, superior temporal gyrus; ITG, inferior temporal gyrus; FusG, fusiform gyrus.
The different spectral signatures of the stimulus-induced suppression and of the performance-related modulation of 12to 24-Hz MEG activity observed at the scalp suggest that the two reflect different processes. We addressed this issue more directly by correlating both variables, separately for both regions of interest. To this end, we again binned trials by the response magnitude of each region and computed for each bin the mean overall response and the difference between the mean responses on correct and error trials (i.e., the performancerelated modulation). We then tested the linear correlation between the overall response and the performance-related modulation. In both regions, this correlation did not attain significance in any subject. Average correlation coefficients were 0.016 for pIPS and 0.003 for dlPFC. The corresponding P-values ranged between 0.41 and 0.97. In other words, the strength of the stimulus responses in both parietal and prefrontal cortex did not covary with the strength of their performance-related modulation. This absence of correlation strongly supports the hypothesis of independent underlying processes.
Role of large-scale 12-to 24-Hz activity in perceptual decision making
A final set of analyses aimed at determining whether the MEG activity in key stages of the dorsal pathway reflected the content or the accuracy of subjects' choices. To address this issue we compared single-trial responses in the 12-to 24-Hz range between "yes" and "no" choices, separately for the target-present and target-absent conditions. That is, we separately compared hits with misses and false alarms with correct rejects. Because the predictive index derived from this ROC analysis describes the link between neural activity and perceptual choice, we labeled it "choice probability" (CP). If MEG activity predicts the content of the observer's perceptual reports, then the magnitude of responses before "yes" choices should be larger than that before "no" choices in both targetabsent and target-present conditions. Correspondingly, CP should deviate from 0.5 in the same direction in target-absent and -present conditions (Fig. 8A, left) . If MEG activity instead reflects the observer's accuracy, then the ranking of responses before "yes" and "no" reports should reverse in sign for target-absent and -present conditions. Correspondingly, CP should deviate from 0.5 in opposite directions (Fig. 8A, right) . An example of this analysis is shown in Fig. 8, B and C for the dlPFC of one subject (subject 4). The 12-to 24-Hz responses in this region tended to be larger before correct than before incorrect choices, irrespective of the content of the perceptual report. This is evident in the response distributions for "yes" and "no" choices on target-absent and target-present conditions ( Fig. 8B) as well as in the corresponding response means and CPs (Fig. 8C) . Specifically, CP deviated from 0.5 in opposite directions in target-absent and -present conditions. Thus 12-to 24-Hz activity in this region predicts the accuracy, and not the content, of the subject's upcoming perceptual reports.
Areas dlPFC, pIPS, and MTϩ all showed the same qualitative pattern of choice-related modulation: CP consistently deviated from 0.5 in opposite directions in target-absent and -present conditions (Fig. 9) . In the target-present condition, these deviations in all three areas were (highly) significant in each subject. In the target-absent condition, they were (highly) significant in one subject in MTϩ, in three subjects in pIPS, and in two subjects in dlPFC. Most of the remaining tests approached significance. The average CPs were 0.46, 0.44, and 0.45 for target-absent stimuli and 0.56, 0.57, and 0.60 for target-present stimuli in MTϩ, pIPS, and dlPFC, respectively. Thus in each area, there was a bias toward stronger choicerelated modulation in the target-present condition, presumably reflecting an additional signal associated with hits (Corbetta and Shulman 2002; Shulman et al. 2001) . However, the opposite pattern of CP in the target-absent condition clearly indicates that the 12-to 24-Hz activity in none of the three areas was generally larger before, and thus specifically associated with, "yes" choices. The 12-to 24-Hz activity in the dorsal pathway reflects the accuracy, rather than content, of visualdetection decisions.
Note that the 12-to 24-Hz activity was enhanced in the dlPFC, as opposed to suppression in MTϩ and pIPS. Thus the sign of the stimulus response changed between posterior and anterior regions of the dorsal pathway, whereas the sign of the performance-related response difference in the 12-to 24-Hz range remained constant. This dissociation between stimulusinduced and performance-related MEG activity adds strongly to our earlier conclusion, that the two reflect independent processes. Also note that various nonneural (instrumental, environmental, and physiological) noise sources and the activity of non-task-related neuronal populations contribute to the measured MEG response distributions. Therefore the CPs reported here should be considered only a lower bound of the "true" association between the 12-and 24-Hz activity in each region and behavioral choice.
Having established a trial-to-trial covariation between MEG responses in the dorsal pathway and subjects' detection accuracy, we went on to pinpoint the source of this covariation. In principle, variations in the dynamic stimuli could cause such an effect, if they were correlated with both the strength of the MEG response and behavioral choice. Recall that in the targetabsent condition, subjects viewed exactly the same noise stimuli on each trial, excluding this possibility. On target-present trials, however, targets moved either upward or downward, although subjects judged only the presence or absence of coherent motion. Psychophysical detectability of, and MEG responses to, these two different moving patterns may have differed slightly, which may have caused the observed correlation. We therefore repeated the analysis for the target-present condition after splitting up the trials according to motion direction. The pattern of CP indicated higher 12-to 24-Hz activity before hits than before misses, irrespective of motion direction (Table 2) . Significance was reduced in comparison to the previous analysis, reflecting the reduced statistical power. However, CPs tended to be Ͼ0.5 in each region and in fact Upward deviation of CP from 0.5 (chance level) indicates higher MEG activity before "yes" than before "no" choices (vice versa for downward). A: predicted pattern of CPs in target-absent and -present conditions for two different functions of a neural activity parameter in the perceptual choice. Left: activity tends to be larger before "yes" than before "no" choices, irrespective of their correctness. Right: activity tends to be larger before correct than before incorrect choices, irrespective of their content. B: exemplary distributions of 12-to 24-Hz responses, ⌬R (0.25-2 s after stimulus onset) on target-absent and targetpresent conditions (dlPFC, subject 4). Distributions are sorted according to "yes"/"no" choice. Responses tend to be larger before "no" than before "yes" choices for target-absent trials and vice versa for target-present trials. C, left: mean responses, ⌬R, for each stimulus/choice combination (error bars: jackknife SE). Right: CPs for target-present and -absent conditions. Prefrontal 12to 24-Hz activity predicts the accuracy, and not the content, of the subject's upcoming choices. Abbreviations: CR, correct rejects; FA, false alarms; M, misses; H, hits; Ϫ, target-absent condition; ϩ, target-present condition. larger than that in the previous analysis, suggesting that stimulus-induced variability may have camouflaged a part of the choice-related modulation in the previous analysis. Average CPs were 0.58 (upward) and 0.55 (downward) in MTϩ, 0.56 (upward) and 0.59 (downward) in pIPS, and 0.62 (upward and downward) in dlPFC. Thus also on target-present trials, the covariation between MEG responses and behavioral choice did not depend on the variation of motion direction. This implies that the covariation between MEG activity and perceptual choice on both target-present and -absent trials was not driven by the stimulus, but originated from sources inside the brain. fMRI responses and high gamma band MEG activity (Siegel et al. 2007 ) in human motion-sensitive visual areas, including MTϩ, increase monotonically with motion strength. One might therefore expect that MEG activity in the gamma band correlates with subjects' motion present/ absent perception. Note that a "pure" correlation with choice content (false alarms Ͼ correct rejects and hits Ͼ misses, with equal differences between choice categories) might have obscured an effect in our previous analysis of correct versus error trials. We therefore repeated the CP analysis for the 64-to 100-Hz range. We did not find a content-related pattern of CP Values are choice probabilities (CPs) and the corresponding null hypothesis probabilities (P-values) for upward and downward motion stimuli (see main text for details). CPs Ͼ 0.5 with values of P Ͻ 0.05 are in bold.
in any of the three regions of interest (Table 3) . However, we observed a trend toward an accuracy-related pattern (i.e., correct rejects Ͼ false alarms and hits Ͼ misses) in pIPS, resembling the pattern in the beta band. This is consistent with a conjoined increase of persistent beta and gamma band activity in the lateral intraparietal area of the macaque before delayed saccades (Pesaran et al. 2002) . Surprisingly, we also found a trend toward an accuracy-related pattern of opposite sign (i.e., false alarms Ͼ correct rejects and misses Ͼ hits) in dlPFC. Average CPs were 0.49 (target absent) and 0.54 (target present) in pIPS, 0.52 (absent) and 0.46 (present) in dlPFC. In sum, the present data provide no evidence for the idea that gamma band activity in the human dorsal visual pathway reflects the perception of coherent visual motion near detection threshold. Rather, they show that endogenous fluctuations of beta band activity in this pathway during motion viewing predict the accuracy of subsequent detection reports.
D I S C U S S I O N
We have studied the relationship between parietal and prefrontal population activity and behavioral performance in a visual motion detection task in humans. MEG activity in the 12-to 24-Hz (beta) frequency range was consistently larger before correct than before incorrect behavioral choices. This performance-predictive activity was not evident in the prestimulus baseline and built up slowly during motion viewing. It was most strongly expressed in prefrontal and posterior parietal cortex, but to a lesser degree also in area MTϩ. The performance-related and stimulus-induced modulations of MEG activity had different spectral and spatial distributions, and their amplitudes were uncorrelated within each area. Importantly, 12-to 24-Hz activity in MTϩ, posterior intraparietal sulcus, and dorsolateral prefrontal cortex predicted the accuracy, but not the content, of subjects' perceptual reports on single trials.
The lack of predictive prestimulus activity in the present study seems to be at odds with previously reported effects of such predictive fMRI activity in visual cortex (Ress et al. 2000; Sapir et al. 2005 ) and parietal MEG power in the low-frequency (alpha and beta) range (Linkenkaer-Hansen et al. 2004) preceding stimulus onset in detection and discrimination tasks. Several features of our experimental protocol aimed at controlling subjects' attentional baseline state and minimizing the contribution of occasional attention lapses on the subsequent perceptual judgment. First, trials were presented in rapid succession within each block, forcing subjects to maintain a steady level of alertness. Second, the random dot patterns had maximal contrast, eliminating uncertainty about the target position and capturing subjects' attention immediately after stimulus onset. Third, stimuli were presented for a long duration, which reduced the impact of occasional attention lapses before stimulus onset on the perceptual judgments. In addition, we did not explicitly cue subjects to attend to a particular location or visual feature before the onset of the random-dot patterns inducing preparatory activity in the dorsal pathway (Corbetta and Shulman 2002; Sapir et al. 2005 ). All of these factors might account for the lack of predictive prestimulus activity in the present study. This lack suggests that the process underlying the performance-related activity during motion viewing does not reflect slow baseline fluctuations of arousal and/or selective attention on a timescale longer than the duration of a trial. Rather, this activity reflects a process that is specifically linked to stimulus processing and accurate decision making, such as attention, short-term memory, and/or confidence.
It is well established that the cortex engages in rhythmic population activity in different frequency ranges, depending on the gross brain state (Steriade 2000; Wang 2003) ; however, the specific functional role of such band-limited activity in sensory processing is less clear. Stimulus-dependent and attentional modulation of local field activity in visual cortex have predominantly been observed in the gamma band (Brosch et al. 1997; Fries et al. 2001; Gray and Singer 1989; Gruber et al. 1999; Henrie and Shapley 2005; Liu and Newsome 2006; Siegel and König 2003; Siegel et al. 2007 ). The attentional modulation of gamma band responses predicts behavioral performance in visual tasks above detection threshold (Taylor et al. 2005; Womelsdorf et al. 2006) . Persistent gamma band activity in parietal cortex predicts the direction of upcoming saccades (Pesaran et al. 2002) . By contrast, changes of alpha and beta band activity in cortex have been commonly interpreted as a signature of "cortical deactivation" (e.g., Pfurtscheller and Lopes da Silva 1999) . This concept is consistent with the commonly observed strong stimulus-induced suppression of MEG power in the range from about 4 to about 50 Hz in visual and parietal cortex (see also Hoogenboom et al. 2005; Siegel et al. 2007 ), but inconsistent with the robust performance-related increase of 12-to 24-Hz (beta band) activity throughout the dorsal pathway observed in the present study. This apparent discrepancy can be explained by two separate components of the stimulus-induced beta band activity: a strong and unspecific global component and a subtle performance-related component. Visual stimulation presumably decreases low-frequency activity across a large group of task-unrelated neurons, producing large extracranial signals. By contrast, a comparably small pool of neurons in each processing stage of the dorsal Values are choice probabilities (CPs) and the corresponding null hypothesis probabilities (P-values) for target-absent (noise) and target-present stimuli (see main text for details). CPs with values of P Ͻ 0.05 are in bold. pathway, which contributes to the perceptual decision process, might engage in coherent beta band oscillations (Kopell et al. 2000) . This, in turn, might lead to small increases of population activity in this frequency range within each processing stage. The different spatial and spectral signatures and the lack of correlation between the two components of the beta band response demonstrated here strongly suggest that they indeed have different neuronal generators.
The behavioral significance of increases in beta band activity for attentive visual processing is consistent with previous studies in macaques and humans. In macaque V1 such increases correlate with perceptual reports during bistable stimulus viewing (Gail et al. 2004; Wilke et al. 2006) . Beta band activity in macaque extrastriate visual cortex and lateral intraparietal area correlates with visual working memory (Pesaran et al. 2002; Tallon-Baudry et al. 2004 ). Synchronization of MEG activity over human frontal and parietal cortex in the beta band is larger before hits than before misses in the "attentional blink" protocol (Gross et al. 2004) . By contrast, the lack of percept-related gamma band activity in the present data is inconsistent with percept-related modulations of local field activity in the gamma band observed in macaque MT during fine speed discrimination (Liu and Newsome 2006) and in macaque V4 during the suppression of salient target patterns (Wilke et al. 2006) . In both studies, target stimuli were at or close to maximal strength (motion coherence or contrast). There are at least two explanations for this discrepancy. First, percept-related modulations of gamma band field activity in near-threshold tasks might be too small, or confined to too small neuronal groups, to be detectable at the scalp level. Second, gamma band activity might not be related to perception of visual stimuli near detection threshold: Response synchronization in the gamma band might contribute to the representation of stimulus strength only at high levels, at which firing rates tend to saturate (Henrie and Shapley 2005) . In line with this idea, gamma band MEG activity in human motionsensitive cortical visual areas is tightly correlated with visual motion coherence only above detection threshold (Siegel et al. 2007) . Furthermore, in the present data, we observed a trend toward an accuracy-related modulation (correct rejects Ͼ false alarms) in the gamma band in parietal cortex, arguing against a link to the perceptual representation of near-threshold stimuli. However, there may have occurred a percept-related modulation in MTϩ below the sensitivity of our measurements.
The firing rates of single units in macaque MT (Britten et al. 1996; Uka and DeAngelis 2004; Williams et al. 2003) , lateral intraparietal area (Cook and Maunsell 2002; Shadlen and Newsome 2001; Williams et al. 2003) , and dorsolateral prefrontal cortex (Kim and Shadlen 1999) predict monkeys' behavioral reports about noisy and ambiguous visual motion signals. Importantly, these spike-rate fluctuations predict the content of perceptual choices. Thus large-scale field activity in the beta band seems to provide qualitatively different information about perceptual decision processes than average firing rates: It does not predict the content of the upcoming choice and thus is not involved in the representation of the sensory stimulus (or a derived decision variable). Rather it indexes the computations transforming such representations into actions (deCharms and Zador 2000; Salinas and Sejnowski 2001) . Specifically, coherent beta band activity might regulate the flow of motion representations through the dorsal visual pathway (Salinas and Sejnowski 2001) . Fluctuations of the strength of this activity then cause fluctuations of the efficiency of signal flow and thus of decision accuracy. Alternatively, beta band activity in the dorsal pathway may reflect synaptic reverberation: Such reverberation may underlie the temporal integration of motion signals in cortical decision circuits (Wang et al. 2001 (Wang et al. , 2003 and may produce periodic temporal structure in neural population activity (Pesaran et al. 2002; Tallon-Baudry et al. 2004) . In this context, it is noteworthy that the cortical distribution of performance-predictive MEG activity in the present study corresponds closely with the distribution of performance fMRI activity during the delay of a visual short-term memory task (Pessoa et al. 2002) .
To conclude, we demonstrated that the trial-to-trial fluctuations of band-limited cortical population activity in several key stages of the human dorsal visual pathway predict the trial-to-trial fluctuations of behavioral motion detection. Specifically, we established that beta band activity in this pathway predicts the accuracy, and not the content, of simple perceptual decisions.
